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ABSTRACT: Ferroelectric tunnel junctions (FTJs) have recently aroused signiﬁcant interest due to the interesting physics
controlling their properties and potential application in nonvolatile memory devices. In this work, we propose a new concept to
design high-performance FTJs based on ferroelectric/polar-oxide composite barriers. Using density functional theory
calculations, we model electronic and transport properties of LaNiO3/PbTiO3/LaAlO3/LaNiO3 tunnel junctions and
demonstrate that an ultrathin polar LaAlO3(001) layer strongly enhances their performance. We predict a tunneling
electroresistance (TER) eﬀect in these FTJs with an OFF/ON resistance ratio exceeding a factor of 104 and ON state resistance
as low as about 1 kΩμm2. Such an enhanced performance is driven by the ionic charge at the PbTiO3/LaAlO3 interface, which
signiﬁcantly increases transmission across the FTJ when the ferroelectric polarization of PbTiO3 is pointing against the intrinsic
electric ﬁeld produced by this ionic charge. This is due to the formation of a two-dimensional (2D) electron or hole gas,
depending on the LaAlO3 termination being (LaO)+ or (AlO2)−, respectively, which is formed to screen the polarization charge
of the nonuniform polarization state. This 2D electron (hole) gas can be switched ON and OFF by the reversal of ferroelectric
polarization, resulting in the giant TER eﬀect. The proposed design suggests a new direction for creating FTJs with a stable and
reversible ferroelectric polarization, a sizable TER eﬀect, and a low-resistance-area product, as required for memory applications.
KEYWORDS: Ferroelectric tunnel junctions, tunneling electroresistance eﬀect, composite barrier, head-to-head domain wall,
2D electron gas, 2D hole gas
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trol.18,19 Experimental studies have demonstrated that the
OFF/ON resistance ratio in the FTJs with dissimilar electrodes
can be as large as a few hundreds at room temperature.4,20−22
To further boost the TER eﬀect, doped semiconductor/
ferroelectric/metal heterostructures have been proposed and
implemented.23−29 In these FTJs, a Schottky barrier is
controlled by ferroelectric polarization orientation through
the tunable depletion and accumulation of majority carriers at
the semiconductor/ferroelectric interface. The OFF/ON

erroelectric tunnel junctions (FTJs) have attracted a great
deal of attention in recent years due to their potential for
nonvolatile random-access memory applications.1−7 A typical
FTJ is constructed by sandwiching an ultrathin ferroelectric
layer, which serves as an electron tunnel barrier, between two
metal electrodes. Reversal of ferroelectric polarization leads to
switching between two nonvolatile resistance states (low and
high) of a FTJ, the phenomenon known as the tunneling
electroresistance (TER) eﬀect. A large TER eﬀect is beneﬁcial
for practical applications. The structural and/or electronic
asymmetry of the FTJ is known to play a decisive role in
controlling the TER. It has been demonstrated that a sizable
TER eﬀect can be achieved by using dissimilar electrodes,8−10
interface engineering,11−15 applied bias,16,17 or defect con© 2019 American Chemical Society
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Figure 1. Structural and polarization properties of the PT-CB-FTJ. (a) The sketch of the (TiO2)0/(LaO)+ terminated LNO/PTO/LAO/LNO
tunnel junction for the P← (top panel) and P→ (bottom panel) states. Symbols denote the positively charged interfacial (LaO)+ atomic layer. The
black small circles indicate the 2DEG formed at the head-to-head domain wall. (b) The atomic structures of the P← (top panel) and P→ (bottom
panel) states. The blue and red arrows below the atomic conﬁgurations indicate the local polarization of the PTO layer. The orange arrows denote
the direction of the electric dipoles formed by the alternatively charged atomic layers of the LAO layer. (c) The B−O (B = Ti, Al, and Ni) polar
displacements of each atomic layers. (d) The averaged electrostatic potential energy along the z-direction for the two polarization states. (e) The
energy barrier for the polarization switching. Parameter λ scales the polarization state from P← (λ = 0) to P→ (λ = 1).

In contrast, there exists a large amount of evidence
suggesting the existence of a 2DEG at the interface between
polar and nonpolar oxide layers, such as LaAlO3/SrTiO3.36,37
In these heterostructures, the interruption of the alternating
sequence of positively and negatively charged ionic layers of
the polar oxide leads to the electronic reconstruction at the
interface.38 Depending on the interface termination, a 2DEG
or its counterpart, a two-dimensional hole gas (2DHG),39 can
emerge at the interface. It has been demonstrated that the
2DEG at the polar/nonpolar oxide interface can be tailored by
gate voltage,40 epitaxial strain,41 mechanical loading,42,43 and,
more importantly for our studies, by ferroelectric polarization.44−49 The latter fact indicates that using a polar oxide
layer as a paraelectric component in a composite ferroelectric/
paraelectric barrier in a CB-FTJ may be more promising than
using its nonpolar counterpart. Such a ferroelectric/polar-oxide
barrier is expected to support a switchable 2DEG or 2DHG in
the CB-FTJ, resulting in a sizable TER eﬀect and a low
resistance of the ON state.
In this Letter, we propose LaNiO3/PbTiO3/LaAlO3/
LaNiO3 oxide heterostructures as promising candidates to
realize CB-FTJs with the required properties. Using ﬁrstprinciples density functional theory calculations, we predict
that these junctions exhibit a switchable 2DEG or 2DHG,
leading to a large TER eﬀect and a low resistance in the ON
state. In our proposed junctions, a composite barrier consists
of a perovskite ferroelectric PbTiO3 (PTO) layer and ultrathin
polar insulating LaAlO3 (LAO) layer. LaNiO3 (LNO), a wellknown paramagnetic metal,50−52 serves as a perovskite oxide
electrode.14,53 We design two types of CB-FTJs, which are
distinguished by ferroelectric/polar-oxide interface terminations of diﬀerent polarities: positive (TiO2)0/(LaO)+ and
negative (PbO)0/(AlO2)−. We ﬁnd that, in the CB-FTJ with
the positively charged (TiO2)0/(LaO)+ termination (PT-CBFTJ), switching ferroelectric polarization is associated with a
transition between a uniformly polarized state and a head-to-

resistance ratio of the doped semiconductor/ferroelectric/
metal FTJs can be as large as 104 and even higher, suggesting
that this type of FTJs is promising for nonvolatile memory
applications. Unfortunately, due to a sizable Schottky barrier,
these FTJs exhibit a very high-resistance-area (RA) product
(typically exciding tens of MΩμm2) that is prohibitive for the
integration of FTJ devices into the modern complementary
metal-oxide semiconductor (CMOS) electronics. Reducing the
RA product by using a thinner ferroelectric barrier layer does
not solve the problem due to a diminished OFF/ON resistance
ratio as well as reduced polarization stability.
It has been proposed that composite ferroelectric/paraelectric barriers can be used to enhance the TER eﬀect.30,31 In
such a composite barrier FTJ (CB-FTJ), the paraelectric layer
acts as a switch changing the barrier height from a low to high
value (or vice versa) when the ferroelectric polarization is
reversed, resulting in an greater OFF/ON resistance ratio.
Detailed ﬁrst-principles studies of the Pt/BaTiO3/SrTiO3/Pt
FTJs32 indicated that the composite BaTiO3/SrTiO3 barrier
supports a switchable two-dimensional electron gas (2DEG) at
its interface, resulting not only in a large TER value but also in
a reduced RA product. The latter is due to the appearance of a
2DEG in the barrier region, which strongly reduces the ONstate resistance of the CB-FTJ. A switchable 2DEG at the
interface between ferroelectric and nonpolar oxide layers was
proposed previously,33,34 but unfortunately has never been
experimentally observed. In addition, the practical realization
of CB-FTJs based on composite BaTiO3/SrTiO3 barrier
layers35 showed that although the OFF/ON resistance ratio
was indeed very large (∼103−104 at room temperature), the
ON state RA product was too high (∼50−200 MΩμm2 for
FTJs with a composite barrier thickness of about 4 nm) to be
suitable for nonvolatile memories. This fact indicated that
there was likely no 2DEG formed at the BaTiO3/SrTiO3
interface in these CB-FTJs, which could support the required
low resistance of the FTJs in the ON state.
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slightly increases. This increase is due to the presence of the
head-to-head domain wall resulting in a V-shape potential
proﬁle in agreement with the previous report.56 To evaluate
the magnitude of the energy barrier for switching between the
two polarization states, we carry out a series of static
calculations along the pathway generated through a linear
interpolation of the atomic coordinates [z(λ) = (1 − λ)z (P←)
+ λz (P→)] between the P← (λ = 0) and P→ (λ = 1) states
(Figure 1e). The obtained energy proﬁle of the polarization
switching indicates the bistable nature of the junction. We note
that, although the potential well observed for the P→ state is
relatively shallow, it can be deepened by increasing the PTO
layer thickness. Therefore, it is suggested that the thickness of
the PTO layer should be greater than 8 u.c. to achieve better
stability of a head-to-head domain wall state in such an FTJ.
Overall, our results predict a possibility of switching between
the uniformly polarized state and the head-to-head polarization
state for the LNO/PTO/LAO/LNO tunnel junction with a
(TiO2)0/(LaO)+ interfacial termination.
Next, we analyze the electronic structure properties of the
PT-CB-FTJ. Figure 2 shows the layer-resolved local density of

head polarization state with the domain wall parallel to the
interface. While the uniformly polarized state has a high
resistance, the head-to-head polarization state is accompanied
by the formation of a 2DEG, strongly reducing the resistance
of the CB-FTJ. The switchable 2DEG leads to a giant TER
eﬀect. In the CB-FTJ with the negatively charged (PbO)0/
(AlO2)− termination (NT-CB-FTJ), switching ferroelectric
polarization is associated with a transition between a uniformly
polarized state and a state with strongly suppressed polarization at the PbTiO3/LaAlO3 interface. The latter is
accompanied by the formation of a 2DHG at the ferroelectric/polar-oxide interface. The switchable 2DHG controls
the TER eﬀect and results in a reduced RA product for the ON
state. These results suggest that FTJs with composite
ferroelectric/polar-oxide barrier layers may serve as favorable
candidates for nonvolatile memory applications.
Density functional theory (DFT) calculations are performed
using the VASP code54 to optimize the atomic structure of the
CB-FTJs and study their electronic properties (see Supporting
Information for details). The LNO/PTO/LAO/LNO tunnel
junction with the (TiO2)0/(LaO)+ termination at the ferroelectric/polar-oxide interface, as depicted in Figure 1a, is
employed to model the PT-CB-FTJ. Figure 1b shows the
optimized atomic structures of the P← and P→ polarization
states of the PT-CB-FTJ. Here, the periodic supercell is
constructed by stacking 8.5 unit cell (u.c.) PTO, 2 u.c. LAO,
and 8.5 u.c. LNO layers along the [001] direction. Both
surfaces of PTO are terminated with the TiO2 atomic layers in
order to exclude the asymmetry induced by the diﬀerent
surﬁcial terminations of the ferroelectric layer. The Ti−O polar
displacements of each TiO2 atomic layer are taken to represent
the local polarization of the PTO layer as shown by the blue
(P←) and red (P→) arrows under the atomic conﬁgurations in
Figure 1b, whereas all of the B−O (B = Ti, Al, and Ni)
displacements in the whole tunnel junction are plotted in
Figure 1c.
We ﬁnd that the observed polar displacements for both
polarization states are largely controlled by the positively
charged (TiO2)0/(LaO)+ interface termination. For the P←
state, the whole PTO layer is uniformly polarized to the left
with polarization near the LNO/PTO interface being slightly
suppressed (the blue curve in Figure 1c). However, for the P→
state, the polarization of the PTO layer near the PTO/LAO
interface is reversed against its bulk polarization (the red curve
in Figure 1c). Such polarization reversal is caused by the
positively charged (TiO2)0/(LaO)+ termination of this interface, which electric ﬁeld pins the polar displacements in the
PTO layer near the interface away from it. Thus, in contrast to
the uniformly polarized P← state, the P→ state represents a
head-to-head polarization conﬁguration with the domain wall
formed within the PTO layer close to the PTO/LAO interface.
Such a local polarization pinning near the interface and the
induced head-to-head domain wall have also been observed in
the Au/PbZr0.2Ti0.8O3/Nb-doped SrTiO3 system, due to the
positively charged surﬁcial depletion layer of the Nb-doped
SrTiO3.55
The electrostatic potential energy proﬁles associated with
the two polarization states in the (TiO2)0/(LaO)+-terminated
LNO/PTO/LAO/LNO tunnel junction are shown in Figure
1d. It is seen that the potential in the PTO layer increases
almost linearly along the z-direction induced by the uniform
polarization P←. When the polarization direction is poled to
the right, the potential in the PTO layer decreases and then

Figure 2. Local density of states of the PT-CB-FTJ. The layerresolved local density of states (LDOS) projected onto the TiO2 and
AlO2 atomic layers in the PTO and LAO regions for the P← (a) and
P→ (b) states of the (TiO2)0/(LaO)+-terminated LNO/PTO/LAO/
LNO tunnel junction. The horizontal dashed lines indicate the Fermi
energy. The arrows denote the directions of polarization (in PTO)
and the electric dipole (in LAO).

states (LDOS) projected onto the TiO2 and AlO2 atomic
layers in the (TiO2)0/(LaO)+-terminated LNO/PTO/LAO/
LNO tunnel junction for the two polarization states. For the
P← state (Figure 2a), the conduction band minimum (CBM)
and the valence band maximum (VBM) vary monotonically
across the PTO and LAO layers in a similar way as the
electrostatic potential in Figure 1d. For this polarization state,
no 2DEG appears at the (TiO2)0/(LaO)+-terminated PTO/
LAO interface, in contrast to that normally observed at the
STO/LAO interface with the same termination.37 This is due
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transmission changes slowly near the Fermi energy. Although
the Fermi energy is crossing the CBM of PTO near the LNO/
PTO interface, the density of states at the TiO2 layers is rather
small and does not aﬀect the transmission dramatically when
the energy is varied around the Fermi energy (Figure 2a). For
the P→ state, however, the transmission increases substantially
at about 0.1 eV below the Fermi energy, when the electron
energy enters the 2DEG density (Figure 2b). This enhancement is due to resonant tunneling across the electronic states
forming the 2DEG in the composite barrier. We ﬁnd that
transmission for the P→ state is 1.6 × 104 times higher
compared to that of the P← state at the Fermi energy. Due to
the 2DEG, the resistance of the ON state is relatively low, such
that the RA product is about 0.16 MΩμm2. Thus, a giant TER
eﬀect and a low RA product are demonstrated for the (TiO2)0/
(LaO)+-terminated LNO/PTO/LAO/LNO tunnel junction
due to the switchable 2DEG in the composite barrier.
To provide further insights into the origin of the diﬀerence
between electron transmission mechanisms for the two
polarization states of the tunnel junction, we calculate the
transmission probability as a function of transverse wave vector
k|| at the Fermi energy. The results are shown in Figures 3b and
3c. For the P← state (Figure 3b), the k||-resolved transmission
probability is relatively small and is featured by the central
circular region around the Γ̅ point (k|| = 0) reﬂecting the
respective Bloch states in bulk LNO at the Fermi energy
(Figure S1g). Transmission within the four Fermi surface
pockets around the corners the two-dimensional Brillouin zone
(2DBZ), seen in Figure S1g, is strongly suppressed by the
symmetry mismatch between the propagating electronic states
in the LNO electrode and the evanescent states in PTO,
similar to that found for the La 0.5 Sr 0.5 MnO 3 /BTO/
La0.5Sr0.5MnO3 FTJ.56 For the P→ state (Figure 3c), the k||resolved transmission map reveals a strong enhancement. In
addition to the central circular region around the Γ̅ point, there
are four arcs around the corners of the 2DBZ and signiﬁcantly
enhanced transmission within the central region of the 2DBZ
(indicated by the red contrast in Figure 3c). This enhanced
transmission originates from tunneling across the electronic
states forming the 2DEG. These states are localized in the
transport direction and serve as resonant states for transmission. On the basis of the analysis of the k-resolved LDOS
projected onto the Ti atoms near the domain wall (Figure S1),
we ﬁnd that the resonant transmission originates from the
hybridized Ti-dz2 and Ti-dxz,yz states, supporting transmission
of the propagating Bloch states of the dz2 orbital character
available in the LNO electrodes (see Supporting Information
for details).
The eﬀect of resonant transmission is also seen from the
calculated partial charge density and scattering states at the
Fermi energy (EF) in the real space. The partial charge
densities are obtained by integrating the LDOS from EF, 0.1 eV
to EF and shown in Figures 4a and 4c, for the P← and P→
states, respectively. The scattering states are obtained by
calculating a squared wave function of the right-moving state at
k|| = (0.08, 0.08) (denoted by A in Figures 3b and 3c) and
plotted in Figures 4b and 4d, for the P← and P→ states,
respectively. It is seen from Figure 4a that, for the P← state, the
partial charge density only exists in a few atomic layers near the
LNO/PTO interface, corresponding to the layer resolved
LDOS of PTO at the Fermi energy in Figure 2a. The electron
state incident from the left LNO electrode decays very rapidly
in the barrier region, as seen from Figure 4b. On the contrary,

to the negative polarization charge at the right PTO surface,
which largely compensates the positively charged (LaO)+ layer,
resulting in an essentially nonpolar PTO/LAO interface. We
ﬁnd, however, that the Fermi energy crosses the CBM of PTO
closer to the LNO/PTO interface (about 4 u.c. from it, as seen
from Figure 2a). This crossing is supported by the polar LNO/
PBO interface, which (LaO)+/(TiO2)0 termination reduces the
electrostatic potential energy. In this case, the left 4 u.c. of the
PTO layer serve as a continuation of the electrode rather than
a tunnel barrier.
When the ferroelectric polarization is reversed to point to
the LAO layer (Figure 2b), the variations of the CBM and
VBM of PTO reveal the V-shape proﬁle of the electrostatic
potential energy (Figure 1d). This pushes the CBM below the
Fermi energy, resulting in the electron accumulation and the
formation of a 2DEG within about 6 u.c. layers of PTO
adjacent to the PTO/LAO interface. The appearance of the
2DEG is driven by the head-to-head polarization conﬁguration
(Figure 1a, bottom panel), similar to that found for the headto-head domain wall in a BTO thin ﬁlm.56 As seen from Figure
2b, the 2DEG is well separated from the left and right LNO
electrodes by the potential barriers created by the PTO layer
(on the left) and the LAO layer (on the right). The 2DEG is
mainly formed by the Ti dxz and dyz orbitals as revealed by the
orbital-resolved LDOS analyses in the Supporting Information.
Next, we explore the electron transport properties of the PTCB-FTJ. The electron transmission is calculated within the
general scattering formalism57 implemented in Quantum
ESPRESSO58 (see Supporting Information for details). Figure
3a shows the calculated transmission, T, as a function of
energy, E, for the (TiO2)0/(LaO)+-terminated LNO/PTO/
LAO/LNO tunnel junction. It is seen that, for the P← state, the

Figure 3. Transmission across the PT-CB-FTJ. (a) Transmission (T)
per unit cell area across the (TiO2)0/(LaO)+-terminated LNO/PTO/
LAO/LNO tunnel junction as a function of incident electron energy,
E, for P← (blue solid symbols) and P→ (red open symbols)
polarization states. (b, c) k||-resolved transmission probabilities across
the tunnel junction for P← (b) and P→ (c) states. Point A denotes k|| =
(0.08, 0.08).
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Figure 4. Partial charge densities and scattering states for the PT-CB-FTJ. (a, c) Partial charge densities and (b, d) real-space scattering states at the
Fermi energy for the (TiO2)0/(LaO)+-terminated LNO/PTO/LAO/LNO tunnel junction for the P← (a, b) and P→ (c, d) states. The blue and red
arrows indicate the local polarization of the PTO layer.

Figure 5. Structural and polarization properties of the NT-CB-FTJ. (a) The sketch of the (PbO)0/(AlO2)−-terminated LNO/PTO/LAO/LNO
tunnel junction for the P← (top panel) and P→ (bottom panel) states. Symbols denote the negatively charged interfacial (AlO2)− atomic layer. The
white small circles indicate the 2DHG spreading across the PTO/LAO interface. (b) The atomic conﬁgurations of the P← (top panel) and P→
(bottom panel) states. The blue and red arrows below the atomic conﬁgurations indicate the local polarization of the PTO layer. The orange arrows
denote the direction of the electric dipoles formed by the alternatively charged atomic layers of the LAO layer. (c) The B−O (B = Ti, Al and Ni)
polar displacements of each atomic layers. (d) The averaged electrostatic potential energy along the z-direction for the two polarization states. (e)
The energy barrier for the polarization switching. Parameter λ scales the polarization state from P← (λ = 0) to P→ (λ = 1).

for the P→ state, as seen from Figure 4c, there are abundant
charge densities distributed within the domain wall region,
corresponding to the LDOS proﬁle in Figure 2b. This states
support resonant transmission across the composed PTO/
LAO barrier, as is evident from the enhanced density of the
scattering states around the domain wall region in Figure 4d.
The partial charge densities and the scattering states at the
domain wall region are mainly composed of the Ti-dxz, yz and
Ti-dz2 orbitals.
In the following, we present the results for the LNO/PTO/
LAO/LNO tunnel junction with the (PbO) 0 /(AlO 2 ) −
termination at the ferroelectric/polar-oxide interface (NTCB-FTJ), which is schematically shown in Figure 5a. The
employed supercell is constructed by stacking 9.5 u.c. PTO, 2
u.c. LAO, and 7.5 u.c. LNO layers, along the [001] direction
(Figure 5b). Both surfaces of the PTO layer are terminated
with the PbO atomic planes to keep the symmetry of surface
terminations. Figure 5b shows the optimized atomic structures
of the P← and P→ states of NT-CB-FTJ. All of the B−O (B =

Ti, Al, and Ni) polar displacements in the LNO/PTO/LAO/
LNO tunnel junction are plotted in Figure 5c.
We ﬁnd that the observed polar displacements for both
polarization states are controlled by the negatively charged
(PbO)0/(AlO2)− interface termination. For the P→ state,
where the polarization points to the right, the polarization is
largely uniform across the whole PTO layer (the red curve in
Figure 5c). However, for the P← state, where the polarization
of the PTO layer points away from the PTO/LAO interface,
the polarization near this interface is strongly suppressed (the
blue curve in Figure 5c). This suppression of the interfacial
polarization is due to the built-in electric ﬁeld originating from
the negatively charged (AlO2)− surﬁcial atomic layer of LAO
and pointing opposite to the polarization. The electrostatic
potential energy proﬁle and the polarization switching barriers
for the (PbO)0/(AlO2)−-terminated LNO/PTO/LAO/LNO
tunnel junction are calculated and shown in Figures 5d and 5e,
respectively. The electrostatic potential energy (Figure 5d)
varies linearly along the z-direction inside the PTO layer for
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both polarization states, owing to the uniform polarization
displacements. The calculated energy proﬁles for polarization
switching (Figure 5e) reveal a deeper potential well for the P→
state (λ = 1) than for the P← state (λ = 0), which is in contrast
to the (TiO2)0/(LaO)+-terminated LNO/PTO/LAO/LNO
tunnel junction (Figure 1e).
Figure 6 shows the layer-resolved LDOS projected onto the
TiO2 and AlO2 atomic layers in the (PbO)0/(AlO2)−-

Figure 7. Transmission across the NT-CB-FTJ. (a) The transmission
(T) per unit cell area across the (PbO)0/(AlO2)−-terminated LNO/
PTO/LAO/LNO tunnel junction as a function of E, for P← (blue
solid symbols) and P→ (red open symbols) states. (b and c) k||resolved transmission probabilities across the tunnel junction for P←
(b) and P→ (c) states.

band gap (Figure 6), which enhances the decay rate of the
evanescent states in the barrier region and thus reduces the
transmission probability. The transmission diﬀers by a few
orders in magnitude for the two polarization states. The OFF/
ON resistance ratio is estimated to be as large as 8.4 × 104.
This is due to the signiﬁcantly enhanced transmission
probability for the P← state, supporting the 2DHG. In fact,
we ﬁnd that the RA product for this polarization state (ON
state) is as low as 1.4 kΩμm2. Thus, a giant TER eﬀect and a
low RA product are demonstrated for the (PbO)0/(AlO2)−terminated LNO/PTO/LAO/LNO tunnel junction due to the
switchable 2DHG in the composite barrier.
The computed transmission probabilities as a function of
transverse wave vector k|| at the Fermi energy are plotted in
Figures 7b and 7c for the two polarization states. In contrast to
the (TiO2)0/(LaO)+-terminated tunnel junction, the k||resolved transmission probability for the P← state of
(PbO)0/(AlO2)−-terminated tunnel junction consists of one
“hot” circle around the Γ̅ point and four patterned fan-shaped
areas around the corners of the 2DBZ. This hot circle
originates from the enhanced transmission across the 2DEG
and largely makes the transmission probability for the P← state
much higher than for the P→ state. On the basis of the analysis
of the k||-resolved LDOS projected onto the O atoms near the
PTO/LAO interface (Figure S4), we ﬁnd that the transmission
of the P← state is mostly determined by the O pz states, which
support transmission of the propagating states of the dz2 orbital
character available in the LNO electrodes (see Supporting
Information for further discussion).
The eﬀect of the 2DEG on transmission is also seen from
the calculated partial hole density and scattering states at the
Fermi energy (EF) in the real space. The partial hole densities
are obtained by integrating the LDOS from EF to EF + 0.1 eV
and plotted in Figures 8a and 8c, for the P← and P→ states,
respectively. The corresponding right-moving scattering states

Figure 6. Local density of states of the NT-CB-FTJ. The layerresolved local density of states (LDOS) projected onto the TiO2 and
AlO2 atomic layers in the PTO and LAO regions for the P← (a) and
P→ (b) states of the (PbO)0/(AlO2)−-terminated LNO/PTO/LAO/
LNO tunnel junction. The horizontal dashed lines indicate the Fermi
energy. The arrows denote the directions of polarization (in PTO)
and the electric dipole (in LAO).

terminated LNO/PTO/LAO/LNO tunnel junction. When
the PTO layer is polarized to the left (P← state), the Fermi
energy crosses the VBM of LAO and PTO near the PTO/LAO
interface (Figure 6a). This implies the appearance of a 2DHG
at the ferroelectric/polar-oxide interface. The 2DHG originates
from the polar discontinuity at the (PbO)0/(AlO2)−terminated interface. Both the negative ionic charge of the
(AlO2)− layer and the negative polarization charge at the PbO/
AlO2 interface increases the electrostatic potential energy,
resulting in the Fermi energy crossing the VBM. This 2DHG is
mainly composed of the O 2p orbitals, as revealed by the
orbital-resolved LDOS analysis (Figure S4 in Supporting
Information). When the polarization is pointing to the PTO/
LAO interface (P→ state), the 2DHG at the PTO/LAO
interface disappears. This is due to the polarization charge
compensating the negatively charged (AlO2)− interfacial
atomic layer. We see therefore that the 2DHG in the
(PbO)0/(AlO2)−-terminated LNO/PTO/LAO/LNO tunnel
junction can be controlled by polarization of the PTO layer.
Next, we analyze the electron transmission, T, as a function
of the electron energy, E, for the (PbO)0/(AlO2)−-terminated
LNO/PTO/LAO/LNO tunnel junction. As seen from Figure
7a, overall, the transmission decreases with increasing the
energy. This trend is due to the energy moving deeper into the
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transmission across the nonuniform polarization state led to a
substantially reduced resistance with the resistance-area
product as low as 1 kΩμm2 and giant tunneling electroresistance with the OFF/ON resistance ratio exceeding 104.
This performance of FTJs with ferroelectric/polar-oxide
composite barriers is favorable for their application in
nonvolatile memories. We hope therefore that our results
will stimulate experimental eﬀorts to explore such FTJs in
practice and demonstrate the predicted properties.

■

Figure 8. Partial charge densities and scattering states for the NT-CBFTJ. (a,c) Partial charge densities and (b,d) real-space scattering
states at the Fermi energy for the (PbO)0/(AlO2)−-terminated LNO/
PTO/LAO/LNO tunnel junction for the P← (a,b) and P→ (c,d)
states. The blue and red arrows indicate the local polarization of the
PTO layer.
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at k|| = (0, 0) (denoted by A in Figures 7b and 7c) at the Fermi
energy are shown in Figures 8b and 8d for the P← and P→
states, respectively. For the P← state, large hole densities
populate the PTO and LAO layers near the LNO/PTO
interface (Figure 8a). These populated hole states strongly
support the transmission so that the scattering state does not
exhibit signiﬁcant decay when propagating across the
composite barrier (Figure 8b). The enhanced scattering
amplitude is seen on the O-pz orbitals pointing along the
transport direction (Figure 8b). On the contrary, for the P→
state, only a few hole densities are seen near the LNO/PTO
interface (Figure 8c), which leads to the rapid decay of the
scattering states in the composite barrier (Figure 8d).
At the end, we would like note that Sanchez-Santolino et
al.59 have recently realized FTJs with a head-to-head domain
wall parallel to the electrode/ferroelectric interface. Such a
domain within the nm-thick barrier layer was stabilized by a
conﬁned 2DEG, which led to resonant tunneling across it and
strongly enhanced conductance.56,59,60 Unfortunately, in the
experiment by Sanchez-Santolino et al.,59 the domain wall was
metastable; once it was destroyed by applying a suﬃciently
large electric ﬁeld, it could not be restored. Our results indicate
that using a composed ferroelectric/polar-oxide barrier could
provide conditions for stabilizing a domain-wall-like state,
supporting either 2DEG or 2DHG and resulting in a very high
conductance. Although structural defects such as oxygen
vacancies can be formed under experimental conditions, their
role and inﬂuence on the results obtained for a defect-free FTJ
can be the subject of a separate study.
In summary, we have proposed a new type of FTJs utilizing a
composed ferroelectric/polar-oxide barrier layer. Using density
functional theory and quantum transport calculations, we have
explored LaNiO3/PbTiO3/LaAlO3/LaNiO3 tunnel junctions
and demonstrated that an ultrathin polar LaAlO3 (001) layer
strongly enhances their performance. We considered diﬀerent
interface terminations of the composite PbTiO3/LaAlO3
barrier layer, i.e., (TiO2)0/(LaO)+ and (PbO)0/(AlO2)−, and
in both cases found two reversible polarization states with one
polarization state being nearly uniform and the other
representing a strongly nonuniform polarization conﬁguration.
For the (TiO2)0/(LaO)+-terminated tunnel junction, we
obtained a head-to-head polarization state being stabilized by
a 2DEG in the composite barrier region, whereas for the
(PbO)0/(AlO2)−-terminated tunnel junction, the strongly
suppressed polarization at the PbTiO3/LaAlO3 interface was
accompanied by a 2DHG. In both cases, the strongly enhanced
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